ABSTRACT
INTRODUCTION
Developments in molecular biology over the past two decades have led to the cloning of numerous mammalian genes. The study of mammalian gene structure and function has been greatly enhanced by the use of eukaryotic expression vector systems. These vector systems facilitate the introduction of specific genes into mammalian cells, the transcription of these genes and the subsequent production of proteins that are appropriately modified to reflect native molecular structure and biological function. These mammalian expression vector systems have advantages that include but are not limited to (i) the ability to constitutively and inducibly express proteins, (ii) the ability to produce a large quantity of protein that is post-translationally modified and appropriately folded, (iii) the ability to characterize the impact of specific mutations on cell metabolism and(iv) the ability to stably alter cellular phenotype as a function of transgene expression. Recently, these mammalian expression vector systems have become the basis for defining the appropriate level of gene expression in vivo and are also used as the tools for gene therapy approaches in vivo. Although this discussion of different expression vector systems will focus on the transfer of genetic material in vitro, some of these principles have already been applied to the development of gene therapy strategies for cystic fibrosis (CF) (13, 49, 73) .
When designing a DNA transfer and expression study, the primary factors concerning the expression vector are (i) the type of promoter/enhancer sequences, (ii)the type of expression (transient or stable) and (iii) the amount of desired expression. In addition, the efficiency of transfection must be taken into consideration. Efficiency is primarily influenced by vector purity and the method of DNA transfer. These methods include chemical (phosphate precipitation, cationic polymers, liposomes, molecular conjugates) and physical (electroporation, biolistic, microinjection). The strategies discussed in this paper will focus on elucidating the parameters of mammalian expression vector systems and gene transfer methods.
EXPRESSION VECTORS

Basic Construction
Numerous vector constructions have been used to deliver genes to and express genes in human cells. Lists of mammalian expression vectors can be found in a variety of texts and manuals concerned with recombinant DNA techniques, gene transfer and/or gene therapy (81, 123) . They can generally be divided into two broad categories: viral vectors and plasmid vectors. Viral vectors are essentially inactivated viruses into which genes are cloned. Plasmid vectors are more complicated and their functional components include prokaryotic, eukaryotic and viral sequences. The prokaryotic elements facilitate bacterial propagation and the maintenance of the vector, while the eukaryotic and viral elements comprise transcriptional elements and sequences coding for selectable markers. Both types of vectors are generally classified with respect to their viral backbone or the sequence elements that regulate the expression of the gene to be studied or utilized (Table 1) . either a plasmid or viral vector is controlled by promoter/enhancer sequences as well as signal sequences that are necessary for efficient processing of the transcripts. The most common promoters/enhancers are of viral origin. However, bacteriophage, cytoplasmic, nuclear, constitutive, cell or tissue type-specific and inducible promoters can also be used (Table 2) .
In addition to the enhancer/promoter sequences that can regulate gene expression, locus control regions (LCRs) can be used for expression in particular cell types. An LCR located 50 kb upstream of the globin gene locus has been identified and shown to be effective for regulating gene expression in erythroid cells (59) . This sequence appears to control chromatin structure and increases the transcriptional activity of the β -globin gene. Expression studies have shown that different genes, such as thy-1 and thymidine kinase (tk)-neo, linked to a heterologous LCR, are highly expressed when transfected in erythroid cells, regardless of the genomic integration site (12) . Similar LCR elements associated with other tissue-specific genes could provide a means to develop expression vectors that are position independent and tissue specific (67, 76, 89) .
Transient/Stable Expression
Another factor in defining a eukaryotic expression vector system is whether the expression is to be transient or stable. Transient expression systems are extremely useful for studying elements that regulate gene expression or when it is important to have experimental results within a short time frame. Transient expression studies are predicated on a burst of gene expression between 12 and 72 hours after transfection. This burst of gene expression is followed by a rapid deterioration in expression of the transgene because of cell death or loss of the expression plasmid. The optimal time to assay expression needs to be determined empirically and will depend on the cell type, the cell doubling time and the characteristics of the vector regulatory elements. Transient expression systems can be evaluated in terms of the protein products synthesized in the transfected cells, such as the activity of a reporter gene that is not endogenously expressed in the cell type used. The most common reporter gene systems include bacterial chloramphenicol acetyltransferase (CAT) and β -galactosidase ( β -gal), firefly luciferase (Luc), human placental alkaline phosphatase (AP), β -glucuronidase (GUS) and more recently, green fluorescent protein (GFP) (2, 5 Stable expression systems can obtain moderate to high levels of gene expression when coupled with an enrichment or selection scheme. These systems are particularly useful when large quantities of protein are required. To achieve stable expression, the expression vector can either integrate into the host cell genome or be maintained as an extrachromosomal (episomal) element, under conditions of chronic selection. The selectable marker on the expression vector facilitates enrichment of cells that contain the transgene of interest. If the promoter/enhancer complex can modulate transcription of the transgene, then expression can be modified (e.g., enhanced or decreased) by compounds (e.g., hormones, metals, antibiotics) that are added to the growth medium.
A typical vector used to enrich for successfully transfected cells will carry a gene essential for the survival of a given cell line that is either defective in the gene or void of the gene altogether. Classic selectable markers such as the herpes simplex virus tk, dihydrofolate reductase (dhfr), hypoxanthine guanine phosphoribosyl transferase (hprt) and adenyl phosphoribosyl transferase (aprt) genes can only be used in cells deficient in TK, DHFR, HPRT or APRT, respectively (5). Alternatively, genes that confer resistance to cytotoxic drugs are quite effective in situations when the cell line is not defective in one of the endogenous genes mentioned earlier. The most common selection marker is the aminoglycoside phosphotransferase (aph) gene that confers resistance to antibiotics such as kanamycin, neomycin (Neo r ) and geneticin (G418). Genes encoding either for hygromycin B phosphotransferase (HygB), xanthine-guanine phosphoribosyl transferase (XG -PRT), Zeocin ™ (Zeo) or blasticidin (Bsd) have also been effectively used (5) . Because each cell line is different in its sensitivity to these compounds, the optimal drug concentration must be empirically determined for each cell type. The selection typically requires longterm (about 10 days) in vitro cultivation in the presence of a drug.
An additional approach to select or enrich for transfected cells relies on the fluorescence-activated cell sorting (FACS) analysis. Cell selection is based on expression of cell surface proteins that bind specific antibodies (e.g., human and murine CD24, human CD4 ζ and murine CD2, the multidrug resistance gene mdr-1and the human lowaffinity nerve growth factor receptor, LNGFR) that will facilitate FACS identification of cells carrying the expression vector. The genes used to mark the cells indicate gene transfer (44) ; however, at present, this method requires refinement to eliminate false-positive cells.
Degree of Gene Expression
In general, the level of transgene expression is influenced by (i) the number of gene copies within the cell, (ii) the rate of transcription of the gene, (iii) the stability of the mRNA transcript and(iv) the position of integration with regards to the genomic environment and the flanking DNA. The number of gene copies within a cell depends, in part, on the number of copies that enter the cell during transfection. If the vector contains or is co-transfected with a gene for a drug resistance marker, the rate of expression of the gene of interest can be amplified under increasing concentrations of the selective drug. This process can occur if the vector is integrated into the DNA or if it is contained as an extrachromosomal particle within the cell. The DHFR gene has been extensively used in this fashion. Amplification of stably integrated dhfr DNA is associated with expanded chro - 
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Inducible by heavy metals, phorbol esters (TPA), and glucocorticoids; tends to be "leaky".
Mouse mammary tumor virus
Glucocorticoid-inducible viral transcriptional enhancer; weak to moderate level of (MMTV) induction of transcription.
Murine leukemia virus (MuLV)
Moderate to strong viral transcriptional enhancer. long terminal repeat (LTR)
Rous sarcoma virus (RSV) LTR
Strong viral transcriptional enhancer.
SV40
Moderate to high-level constitutive viral transcriptional enhancer; inducible with phorbol ester (TPA).
mosomal regions called homogeneous staining regions. The amplification can also be unstable and will result in extrachromosomal units that autonomously replicate, called double minute chromosomes (4, 104) . In the case of episomal vectors, the episome copy number can also be amplified by increasing the selective pressure on the cells because the episome can replicate autonomously. As long as the selective pressure is maintained or increased, the episome will be retained and the copy number will be increased. Another method of increasing the level of gene expression in a cell is through enhancer-dependent induction or through the 3 ′ untranslated region (3 ′ UTR) stabilization of the mRNA transcript. Certain enhancer elements contain sequences that can be stimulated by hormones or hormone-like compounds such as steroids (Table 2) . A common steroid-inducible enhancer that is used is the mouse mammary tumor virus (MMTV) long terminal repeat (LTR) (94, 112) . Other inducible elements are the metallothionein promoter/enhancer that is inducible by divalent cations such as cadmium or zinc (74) , as well as a glucocorticoid-inducible element (78) . Unfortunately, many of these compounds are not specific for the gene of interest. To overcome the resulting pleiotropic effects, different inducible systems have been developed. They rely on prokaryotic control elements or on mutated versions of endogenous hormonally regulated elements and include the tetracycline-, FK506/rapamycin-, RU486/mifepristone-and the ecdysoneinducible systems (120, 122) .
Enhancement of gene expression through the stabilization of mRNA has not been fully explored, although there is now evidence that mRNA levels can be modulated by specific 3 ′ UTR sequence elements (53, 85, 142) . There is evidence that the 3 ′ UTR contains sequences that are hormone inducible (107) and that, in some cases, the 3 ′ UTR also appears to regulate cell-specific expression of a given gene (126) . These findings indicate that development of eukaryotic expression vectors requires that both the enhancer sequences and the UTRs be considered to provide optimal expression of a given gene.
Episomal Vectors
While most expression vectors have the ability to integrate into the host genome at some point in the transfection process, a class of vectors has been developed to avoid complications that arise from integration. Most notable is the Epstein-Barr virus (EBV)-based system (134, 150) . This system is designed for enhanced expression and maintenance as an episomal element. EBV-based vectors require two viral elements, the origin of replication (OriP) and the viral EBNA1 gene that facilitates the extrachromosomal maintenance of the vector. Another feature of this vector is that it readily accepts large pieces of DNA, allowing the insertion of very large fragments of genomic DNA, up to several hundred kilobases (9) . Because they are retained as extrachromosomal replicating elements within the nucleus, transgene expression is independent of position effects observed when DNA vectors are randomly integrated. In addition, because the episome is often present as multiple copies, the expression of the transgene can be amplified (1) . Because these vectors cannot rely on viral envelope or DNA coat protein elements to enter cells, artificial delivery vehicles must be used to introduce the vectors into cells. Long-term expression in the absence of selection has been shown in cultured epithelial cell lines using an EBV vector expressing the CF gene (88) .
Expression Vector Purification and Modification
A critical parameter for achieving successful transfection is the quality of the expression vector DNA. To optimize transfection efficiency, plasmid vector DNA should be free of protein, RNA and chemical contamination. Usually, the DNA is purified either by two rounds of CsCl gradient centrifugation, by anion-exchange chromatography or, more recently, by triple-helix affinity chromatography (145) . Furthermore, removal of bacterial endotoxins or lipopolysaccharides from the plasmid DNA has been shown to increase transfection efficiency in cultured cells (144) .
A recent strategy for increasing the efficiency of gene transfer relies on the incorporation of targeting moieties into plasmid DNA. For example, the addition of simian virus 40 (SV40) nuclear localization signal (NLS) sequences to plasmid DNA has facilitated nuclear uptake of DNA in digitonin-permeabilized HeLa, COS7 and HepG2 cells (127) . Another innovation is the development of modified plasmid vectors, called minicircles, by site-specific recombination (33) . These supercoiled minicircles lack both the bacterial origin of replication and the antibiotic resistance marker and have been shown to increase gene transfer efficiency, in vitro and in vivo (34) . The increased efficiency seems to be related to their small size or to the absence of bacterial sequences.
DNA DELIVERY
There are many different methods to transfer expression vectors into cells. (116) . To circumvent this reduction in transfection efficiency, lymphocytes have been stably transfected at higher efficiency (10 -2 ) by electroporation (116) . Another key to effective transfection is the growth state of the transfected cells. The best results are achieved when the cells are in log phase growth. This is absolutely essential if the cells are to be stably transfected. In the case of transient transfection, cells can be quiescent because integration into the cell genome is not necessary for the expression of the transfected gene. Another factor to consider in transfection is that uncut, supercoiled DNA is optimal for transient expression systems, while linear DNA tends to be more recombinogenic and will facilitate stable transfection (97) . Finally, the choice of the transfection vehicle will be critical when defining the appropriate system for in vitro versus in vivo DNA transfer.
Viral expression vectors do not require a delivery vehicle for DNA transfer because viruses infect cells as part of their natural biological function. However, the mode of entry for each virus is different. For example, retroviral vectors have been used for delivery into hematopoietic cells (11) and have been engineered to facilitate cell typespecific infection into erythroid cells in vitro (75) . Adenovirus-based viral vectors have been used in vivo for the delivery of the CF transmembrane conductance regulator (CFTR) gene, in part, because of the tropism of the adenovirus for the airways (30, 152) .
Chemical Methods
CaPO 4 precipitation.CaPO 4 coprecipitation of DNA has been successfully used for transfection of different types of mammalian cells (24, 27, 29, (61) (62) (63) . This technique has an efficiency that varies with the cell type but is most commonly used for stable transfection efficiencies of 10 -3 to 10 -5 .
There are several variations of this technique involving different buffer solutions. One variation uses HEPES buffer (27, 29, (61) (62) (63) , while another uses N, N-bis (2-hydroxyethyl)-2-aminoethanesulfonic acid (BES) (24) . In the case of airway epithelial cells, there is evidence that under certain growth and culture conditions, CaPO 4 precipitation can cause cell lysis or squamous differentiation (16) . Consequently, an alternative to transfection by CaPO 4 precipitation was developed for airway epithelial cells and uses strontium phosphate (SrPO 4 ) precipitation (16, 119) .
A key factor affecting the efficiency of transformation appears to be the pH of the phosphate buffer solution. A pH of 7.1 (HEPES method) or a pH of 6.95 (BES method) appears to be optimal for CaPO 4 precipitation, while SrPO 4 has a pH optimum of 7.6-7.9. Some studies also show a higher efficiency of transfection if the plasmid to be transfected is linearized (131) , while others show that the circular form is more effective (24) .
After application of the precipitate, cells are incubated at CO 2 levels ranging from 3%-5% (16, 24, 27, 29, 62) 
Electroporation
Primarily used for cells in suspension (e.g., hematopoietic cells) and embryonic stem cells; has also been successfully used for transfection of fibroblasts and airway epithelial cells.
Microinjection
Used for oocyte or zygote transfection; effective for embryonic stem cells and airway epithelial cells.
Liposome/Dendrimer-DNA Most mammalian cell types; more effective for adherent cells than cells normally grown Complexes in suspension.
Recombinant Virus
Most mammalian cell types; tropism for specific cell types is dependent on genes inserted into viral coat.
Cell specificity using transfection strategies other than liposome or recombinant virus requires the construction of expression vectors that contain cell-specific transcriptional regulatory RNA degradative elements.
conditions for individual cell lines require prior optimization of dose and exposure time. Key elements of this transfection strategy are the quality of the precipitate, which must be fine and uniform, and the removal of the precipitate following incubation. This is especially critical for primary cells that must be thoroughly washed with serum-free medium to remove all traces of the DNA/PO 4 precipitate observed when cultures are viewed by phase contrast microscopy. If the precipitate is not removed, cells will undergo terminal squamous differentiation and will no longer proliferate and/or they will lyse. It is also important to keep detachment of adherent cells to a minimum during the washing process. When the washing is completed, the cells can be placed in growth medium for further growth and analysis. Cationic polymers.Among the cationic polymers used for the transfection of cultured mammalian cells, DEAE-dextran was one of the first studied. This reagent has been successfully used to deliver nucleic acids into cells for transient expression and shortterm expression analyses but is not suitable for stable transfection studies (56) . The primary drawback of the DEAEdextran system is the cytotoxicity. Therefore, the effects of concentration and exposure times need to be determined before transfection for individual cell lines. Other synthetic cationic polymers have been used to transfer DNA into mammalian cells. The polymers include protamine, intact and fractured polyamidoamine dendrimer (64, 82, 136, 137) and, more recently, polyethylenimine (PEI) (6, 14) , which appears to be better than cationic liposomes at delivering DNA across the nuclear envelope (110, 153) .
Liposomes. DNA or RNA can also be transferred into cells by encapsulation in liposomes. These are artificial membrane vesicles that either fuse with the cell membrane and deliver their contents into the cell for expression (96) or enter the cell through an endocytic pathway (52, 153) . Since the first lipids were described, several hundred new cationic lipids that range greatly in transfection efficiency have been developed for local and systemic gene transfer (54, 84) .
Liposome-mediated gene transfer offers several advantages over other chemical transfection systems. Among these are a relatively high efficiency of gene delivery, ability to transfect various cell types resistant to CaPO 4 or DEAE-dextran, successful delivery of a wide range of DNA (86), effective delivery of both RNA (95) and protein (36) . Disadvantages include the cytotoxicity of the liposome formulation and the need to optimize various parameters for each formulation, such as the DNA-to-liposome charge ratio, the amount of DNA, cell density and the transfection period (54) . Other critical factors that must be optimized for effective DNA delivery are the size and homogeneity of lipid-DNA complexes (26) . Transfection of human airway epithelial cell lines that display differentiated features, such as cell polarity, has shown the importance of matching the liposome formulation with cells relevant to the organ to be transfected. Studies with one airway epithelial cell line, 16HBE14o-(28), comparing transfection efficiency based on relative fluorescence have shown that DOTAP > > DC-Cholesterol > Transfectam > L IPOFECT AMINE ™ > naked DNA (data not shown). However, it is important to recognize that, although the relative efficacy of these compounds indicates that DOTAP is the most appropriate for the 16HBE14o-cells in culture, there may be conditions under which one of the other liposomes might have proven better. The growth state of the cells, their state of differentiation and cell number (i.e., total amount of cellular lipid) may also play an essential role in transfection efficiency because they affect the total net charge (Figure 1 ). This adds another element in the equations when devising a transfection scheme, taking it from a twocomponent (liposome and DNA) to a three-component system that must also take into consideration the total amount of cellular lipid in determining the optimal DNA:lipid ratio.
Studies with different cationic formulations indicate that the amount of DNA taken up by the cells does not necessarily correlate with transfection efficiency (42) . This finding suggests that the cellular uptake of the lipid-DNA complex is not a limiting step for transfection. In cultured cell lines, most cells are able to take up the cationic lipid-DNA complexes, but only a small proportion are effectively transfected. An important step in nonviral gene transfer is the entry of DNA into the nucleus. Cationic lipids appear to be limited in their ability to deliver plasmid DNA from the cytoplasmic to the nuclear compartment. The intracellular trafficking of the lipid and plasmid DNA is still rather poorly understood; however, several recent studies investigating intracellular trafficking of oligonucleotides indicate that the cationic lipid-mediated delivery of oligonucleotides to the nucleus can be quite effective (71, 156) .
Cationic liposomes have been successfully used for the transfer of genes both in vitro and in vivo (20, 87, 102, 103) . They have already been tested in clinical trials for in vivo gene therapy, mostly of cancer and CF (20, 25, 55, 113, 125, 132) . However, these studies have been inconsistent in demonstrating long-term transgene expression and effective delivery of plasmid DNA.
Molecular conjugates.
Recent studies with cationic amino acids such as polylysine that form conjugates with the DNA have been very intriguing. These studies have indicated that the polylysine/DNA conjugates can be effective for in vitro and in vivo DNA transfer (31, 98, 108, 133, 143) . A primary advantage of these amino acid conjugations is their ability to condense DNA. Condensation is critical for the effective uptake of the DNA and its transfer to the nucleus. Conjugates between 25 and 50 nm appear to be ideal (41, 46) . The size of the conjugate must be closely monitored to ensure size uniformity and efficient delivery. These factors are highly dependent on the salt solution in which they are made and can thus be modulated by altering the character of the salt solution. Toxicity can be a factor with the polylysine conjugates, so alternatives such as lysinerich molecules have been developed (22, 141) . Conjugates can also be easily modified with specific proteins that facilitate cell-and organelle-specific delivery (41, 46, 47, 79, 99, 141) . These include modification of the polyamino acid to include nuclear localization proteins, antibodies to the immunoglobulin receptor or cell surface sugars. These modifications appear to enhance the conjugate specificity and to increase the efficiency of gene transfer. The in vivo immune issues may compromise some of the enhanced effectiveness derived from conjugate modification, but these systems may yet prove superior to other artificial DNA transfer vehicles because of their ability to condense DNA.
Other chemical delivery systems.
A new generation of gene delivery products is being developed (45) . One such compound is a gramicidin S-DNA-lipid complex (87) . This complex has the added advantage that the gramicidin S helps permeabilize the cell membrane, thereby facilitating DNA uptake. Other novel DNA delivery vehicles include lipid systems that have been combined with viral systems (43, 68, 151) . However, because such systems are chimeric complexes that combine lipids with viral proteins, they have a tendency to be immunogenic. The ultimate application of these systems in vivo or therapeutically will require further study.
Physical Transfection Strategies
Physical methods for DNA delivery depend neither on viral vehicles and their receptors nor on biochemical structures or features of target cell membranes required for uptake of a vehicle-DNA complex. Electroporation. Electroporation is one of the most widely used physical methods and is based on exposing cells to a pulsed electrical field of sufficient strength to cause a reversible permeabilization of the cell membrane in localized areas (3, 129) . Two distinct types of apparatus are available commercially and differ in how they control pulse strength and length, the electrical parameters that cause cell permeabilization. The most critical parameters for successful electroporation with such a device are the magnitude and length of the current pulse (i.e., decay time or pulse width if an exponential wave pulse or a square wave pulse is used, respectively).
For mammalian cells, the conditions for electroporation involve either high field strength coupled to a low capacitance or low field strength coupled to a high capacitance. Low voltage (about 1000 V) and high capacitance (> 500 µ F) conditions have been more commonly used for transfection and improve cell survival and efficiency. However, the optimal electrical conditions (voltage and capacitance settings) are cell type dependent. Optimal conditions require the assessment of cell viability, which should be in the range of 10%-50%. Electroporation guidelines, including parameters that have been successful for other cell types, have been reviewed elsewhere (23, 115) . As is the case with other transfection methodologies, the efficacy of gene transfer is increased when the cells are proliferating. Mid-log phase cells are generally electroporated as a suspension of 10 6 to 10 7 cells/mL. The use of overgrown cultures significantly decreases efficiency and survival after pulsing (8) . Transfection efficiency can also be optimized by increasing the DNA concentration to the range of 10-40 µ g/mL for transient expression assays or decreasing it to 1-20 µ g/mL for stable transfection.
One drawback of electroporation is the detachment of adherent cells from their substratum and the resultant trauma. This produces undesired physiological effects that can undermine cell viability. Recent studies have proposed in situ electroporation using Petri dish electrodes and electrodes that attach to the surface to be electroporated in vivo (Genetronix, a BTX Instrument). Other methods include cells grown on microcarriers (115), on a glass surface coated with an electrically conductive material (118), on microporous membranes of polyethylene terephthalate or polyester (149) or on glass coverslips mounted in a specific chambers (157) .
Electroporation has been most useful for gene targeting studies and for Review transfer into embryonic stem (ES) cells in the development of transgenic animals (129, 139) to facilitate the introduction of a low number of copies. This approach has also been effectively used for the transfection of airway epithelial cells (72, 83) . Recently, a modified electroporation method using microelectroporation chambers and plating the electroporated cells at optimal density was described for mouse ES cells; a frequency of 1% was achieved (138) .
Biolistic (gene gun).A relatively new physical method of gene transfer is the biolistic particle bombardment (or gene gun) technique (77, 148) . Biolistics have been applied to deliver foreign DNA to a broad range of somatic tissues and cells, including brain, skin, mammary gland, liver and tumor cells, as well as human epithelial, endothelial, fibroblast and lymphocyte-derived cell culture lines (147, 155) . The biolistic technology involves accelerated delivery of plasmid DNA (coated with high-density metal particles) into cells using one of several acceleration instruments. Gold particles are preferred to tungsten because of their size uniformity and spherical shape. The basic instrument has a plastic membrane (macrocarrier) that carries the microparticles, a macrocarrier acceleration mechanism and a stopping screen that blocks the macrocarrier and allows the microparticles to reach the cells. The different acceleration instruments use a variety of systems to provide the physical force that accelerates the microparticles. These systems include shock waves created by the sudden release of compressed air (nitrogen or helium), an electric discharge through metal wire (135) or a high-voltage discharge (147) . A primary consideration is the derivation of the appropriate instrument settings for optimal bombardment. The major advantages of this gene delivery strategy include the relatively low level of cell damage and its potential application for in vivo transfection (124, 154) . Drawbacks include poor tissue penetration ( ≤ 500 µ m), the manipulations required for microparticle preparation and the initial cost of the acceleration instrument.
After bombardment of cultured cells, the medium can be replaced immediately or within 1-2 min after bombardment (124, 140) . Compared to electroporation, smaller amounts of DNA (submicrogram quantities per dose) and fewer target cells are required for the DNA transfer. Identical experimental conditions can also be used for transient or stable transfection. The most critical parameters affecting DNA transfer efficiency include target distance and air pressure, as well as particle size, density and velocity (66) .
Microinjection.Another approach that has been used for high efficiency gene transfer is intranuclear microinjection (17, 37) . This approach has been used to transfer genes into mammalian oocytes and preimplantation embryos (37, 128) , ES cells (37, 139) , cultured fibroblasts (32) , airway epithelial cells (57, 83) and blood stem cells (35) . While this approach is tedious, it is highly efficient and directly delivers the exogenous DNA to the nucleus. It is not only possible to control the site of DNA delivery but also to control the amount of DNA that enters the nucleus. Thus, microinjection provides a mechanism for minimizing nuclease degradation of the extracellular DNA in intracellular vesicles and enhancing transfection efficiency. Microinjection also has the potential for delivering a wide variety of materials, including DNA, RNA, proteins and nucleoprotein complexes, and has been effectively used to study gene expression, homologous recombination, oncogenesis and human disease. Furthermore, this approach can be used to identify the in vivo function of given gene products by inhibiting activity with antibodies or antisense RNA and for identifying mechanisms whereby exogenous DNA randomly or specifically integrates into the host cell genome.
The success of DNA microinjection depends on a number of factors including the manufacture of pipets (19) , their tip bevel siliconization, DNA concentration and viscosity and the target cell. The ease of the procedure also depends on the injection equipment and the injection target. It is obviously easier to microinject a frog oocyte than a mouse oocyte that is 1000 times smaller. It is also easier to microinject DNA into the cytoplasm than the nucleus. Fortunately, these technical obstacles can be overcome. However, while this technique has the advantage of circumventing exposure to intracellular compartments that will degrade the DNA, it cannot be readily used to introduce DNA into large numbers of cells. It is therefore most useful for generating cell lines that carry transgenes of interest.
Viral Delivery Systems
Viral vector systems were developed to facilitate efficient delivery of DNA expression vectors into cells. The gene of interest is delivered in the form of a defective virus encapsulated within a virus envelope that increases the efficiency of gene transfer. The recipient cells are, in fact, infected with these defective viruses. The viruses have been modified so that they are no longer able to replicate autonomously and require passage through a helper cell line that contains the genetic instructions for coating or packaging the recombinant viral vector. Since each viral delivery system has advantages and drawbacks that depend on the characteristics of the virus, the choice of a given viral delivery system will depend on the endpoints desired. There are now numerous recombinant viral delivery systems, and these are listed in Table 1 (21,38 Review have shown that the baculovirus system can be modified to introduce and express foreign genes in primary human (69, 70) and rat hepatocytes (15) , as well as in primary muscle, HeLa, COS7 and CV-1 cells (7, 130) .
Factors that appear to affect expression in mammalian cells include the promoter used to express the transgene, the multiplicity of infection, viral growth rate and viral exposure conditions. More persistent expression, albeit still transient, in mammalian cells has been achieved using hybrid systems composed of a baculovirus backbone containing elements from adeno-associated virus (105) . However, in vivo studies have shown that baculoviral vectors are inhibited by the immune complement system, and thus have limited usefulness for direct delivery into animals or as a genetic therapy (70) .
Alphaviruses have an efficient RNA replication system that results in highexpression of different proteins in a broad range of host cells. Because of the cytopathopathic nature of the virus, it is primarily employed for transient gene expression (92) .
Recombinant vaccinia viruses have been used in vitro and in vivo for gene transfer (21, 100, 106) . This system replicates in the cytoplasm and can be engineered to transcribe there as well. Replication of the virus can be modified by UV irradiation to mitigate the cytotoxic effects of the virus and optimize the expression of the transgene (21) .
Stable expression. Stable viral delivery systems that provide long-term, mid-level production of protein or gene expression include retroviruses, adenoviruses and adeno-associated viruses. Retroviral-based systems readily integrate into the genome of infected cells, and their viral protein envelopes can be adapted to a wide variety of host cells (40) . The efficiency of the infection depends largely on the virus titer and the proliferative state of the cells. If titer is high enough, it is possible to infect 100% of the cells. However, unless the cells are actively proliferating, the efficiency of infection will be minimal. In the case of retrovirus infection, it has been possible to enhance the efficacy of infection by growing the host cells in the presence of the cells that package the virus. Because the reverse-transcribed provirus integrates into the genome, it is maintained within the cells for multiple generations. These viruses are best used for the development of stably transfected cell lines and for the study of gene product function, although numerous in vivo and gene therapy studies have been carried out using retroviruses (51) .
The adenoviruses and the adeno-associated viruses have been used in vitro and in vivo (10, 18, 91, 117, 121) , as well as in CF gene therapy trials (30, 48, 50, 65, 152) . Because these viruses have a tropism for the airways, it was postulated that they would be effective for delivering genes specifically into the airways. However, there have been complications caused by a host immune response that have made the adenoviruses less effective than first anticipated (30, 152) . The adeno-associated virus is more versatile and will transduce a broader range of cell types in a different number of mammalian species, without the same immune complications associated with the adenovirus systems. Long-term adeno-associated virus transgene expression of both marker and therapeutic genes has been reported in several in vivo studies (48, 91, 111, 117) . However, adeno-associated virus is limited by the size of the gene that can be inserted in the recombinant virus (39) . Furthermore, while the wild-type virus appears to preferentially integrate into a specific site on chromosome 19, the recombinant adeno-associated virus has lost this specificity and will integrate randomly. Recent modifications to the adeno-associated virus vectors have been able to restore some site-specific integration of the recombinant vector (109) .
CONCLUSIONS
The application of the mammalian expression vector systems and gene transfer methodologies have played an important role in understanding gene regulation as well as protein structure and function. The gene transfer and gene expression approaches discussed here represent some of the most commonly used expression vector systems and transfection protocols. The mode of DNA transfer into cells depends on numerous factors: (i) the DNA transfer efficiency required, (ii) whether the transfection is in vitro or in vivo and (iii) whether expression is to be stable or transient. Numerous approaches have been used to facilitate the transfer of DNA into cells. While the most efficient appear to be recombinant viral vectors, nonviral approaches have also proven effective; the most commonly used are described in this review. At present, the most versatile and promising nonviral vehicles, in terms of in vitro or in vivo transfection, are the liposome/cationic polymers/polylysine vehicles. The use of any one strategy depends on the goals of the experiment and study. Once the endpoints are defined, it is possible to design the most effective strategy to achieve a desired outcome.
The strategies described here are an introduction to the tools of mammalian gene expression and reflect concepts and considerations important for gene analysis and for development of genetic therapy regimens. These concepts can be applied to various mammalian cell systems and have been used by us to study genes associated with respiratory function. Mammalian expression strategies are essential to our understanding of genes and their relationship to mammalian physiology. As is evident from the above discussion, the approaches to transgene delivery are not only used for the study of gene function but can also be expanded for the development of genetic therapy regimens. The features and considerations of vector construction and transgene delivery discussed above will be critical for designing gene therapy protocols for specific disease states. 
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